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Abstract 
In this work a circulating loop capable of mimicking the physiological pressure and flow conditions inside a vessel is set up. The 
circulating loop consists of an artificial heart coupled to a perfusion line made of polyethylene and silicon. The artificial heart is 
driven by a pneumatic pump which provides the desired heart rate, pressure values and length of the systolic and diastolic period
of each cycle.  To measure the changes in diameter of the segment under study, an ultrasonic probe in pulse eco mode is used. 
For pressure monitoring a pressure sensor is positioned inside the sample. Pressure-diameter loops were obtained for 
characterization of the dynamical properties of the arterial wall. In vitro measurements were made on three different conduits: 1) 
Calibrated tubes made of latex: these phantoms were characterized by the presented method, 2) Non-atherosclerotic human 
carotid arteries obtained from donors and 3) Atherosclerotic human carotid arteries with atheroma plaques. In the three cases, 
under physiological simulated conditions, the mechanical properties of the conduit were obtained. We conclude that atheroma 
plaques were successfully detected and its dynamical properties characterized. This method could be used in the experimental 
and clinical field to characterize the effects of atheroma plaques on the arterial wall biomechanics. 
PACS: 43.35.+d, 87.19.R, 87.19.uj 
Keywords: artery, atheroma plaque, biomechanical behavior, cardiovascular simulator, ultrasound 
1. Introduction 
In several clinical and experimental circumstances to characterize the arterial wall biomechanical changes 
induced by the atherosclerosis is widely necessary. As an example, it has been suggested that the characterization of 
the biomechanical properties of atherosclerotic plaques could be useful to determine the atherosclerotic plaque 
vulnerability, in other words its probability of rupture.  
It is well accepted that over 50% of cerebral ischemic events are the result of rupture of vulnerable carotid 
atheroma and subsequent thrombosis. Such strokes are potentially preventable by carotid interventions. Selection of 
patients for intervention is currently based on the severity of carotid luminal stenosis. It has been, however, widely 
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accepted that luminal stenosis alone may not be an adequate predictor of risk. The characterization of the 
biomechanical properties of the atherosclerotic plaques could be useful to determine their stiffness, and 
consequently the probability of a potential rupture. However, the biomechanical properties of atherosclerotic
plaques at physiological or pathological hemodynamic working conditions remain to be completely characterized.
In this context, the aim of this work was to construct an in vitro dynamic set-up destined to the biomechanical
evaluation of blood vessels and vascular grafts, and particularly designed to analyze the biomechanical properties of
atherosclerotic plaques under physiological pressure and flow conditions inside a vessel.
2. Circulating loop
The circulating loop (Fig. 1), designed to measure arterial, venous and vascular grafts’ diameter and pressure
signals, consists of an artificial heart coupled to a perfusion line made of polyethylene and silicon.
The artificial heart (Jarvik model 5, Kolff Medical; Salt Lake City, UT) is composed of an input valve, an output
valve and two chambers separated by a mobile diaphragm. It is driven by a pneumatic mechanical pump, adapted 
from a mechanical respiratory device, which provides the desired heart rate, pressure values and length of the
systolic and diastolic period for each cycle. When the electrically powered generator propels air out of the
pneumatic pump, the input valve opens and the output valve closes, allowing the inflow of fluid (saline solution)
into the heart’s chamber. Depending on the heart rate chosen, the corresponding time will elapse until the 
mechanical pump infuses air into the artificial heart. At this moment the input valve closes and the output valve
opens allowing the passage of fluid into the perfusion line.
Fig.1 Circulating loop showing a pneumatic pump (P), the perfusion line with the organ chamber and a reservoir. Pressure inside the sample is 
obtained using a solid-state transducer. Sample’s internal and external diameters are obtained by means of an ultrasonic probe.
Next to the pneumatic pump and the artificial heart is the organ chamber which contains physiological saline
solution (NaCl 9%). Inside the organ chamber a pressure sensor (Statham, 1200 Hz frequency response) is
positioned inside the sample to measure intra-luminal pressure at a sampling frequency of 200 Hz. The sensor is
previously calibrated with a mercury manometer.
To measure the instant diameter of the sample under study a 10 MHz ultrasonic probe (Panametrics V312) is
employed.  The transducer is mounted on an experimental setup (independent of the circulating loop) which allows
positioning the ultrasonic beam diametrically and perpendicularly to the vessel wall.
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Fig.2. Schematic representation of the diameter measurement by the means of ultrasound.
Once the ultrasonic beam is set up perpendicularly and diametrically to the sample´ surface each A-Scan is
acquired at a sampling frequency of 80 MHz at a repetition frequency of 30 Hz.  In each A-Scan four echoes can be
seen (Fig.2.), each one corresponding to each fluid-sample interface. In this work the following nomenclature will 
be used: the part of the wall which is nearer (farer) to the transducer will be called anterior (posterior) wall. For the
anterior (posterior) wall two echoes can be observed, one corresponds to the adventitia and the other one 
corresponds to the intimae. For example anterior adventitia wall will correspond to the first echo appearing in the
A-Scan. Measuring each echo position through a cross correlation algorithm [1] the internal (external) diameter as a
function of time is obtained. Re-sampling the diameter signals with a linear interpolator at a sampling frequency of 
200 Hz allows us to construct pressure diameter loops for characterization of the dynamical properties of the arterial
wall.
3. Measurements on latex tube
In order to validate the experimental setup and the correlation algorithm, measurements were performed in a 
latex tube.
Fig.3   a) Internal diameter vs. time (s) b) external diameter vs. time (s) and c) pressure vs. time (s) profiles obtained from the latex tube, showing 
that the morphology of the signal is the same as expected to happen for real arteries.
J. Brum et al. / Physics Procedia 3 (2010) 1095–1101 1097
J. Brum et al./ Physics Procedia 00 (2010) 000–000
As shown in Fig. 3 the diameter and pressure waveforms were physiological [2]. Once the pressure and the
diameter signals are obtained, diameter-pressure loops are built in order to evaluate the different mechanical
properties of the material: elasticity and viscosity (Fig. 4).
Fig.4  a) Internal diameter (mm) vs. Pressure (mmHg) and b) External diameter (mm) vs. Pressure (mmHg) for a latex tube. 
In the case of the latex tube no hysteresis is found since we are dealing with a purely elastic material. The authors
conclude from this first part that an experimental setup capable of mimicking physiological hemodynamic states was 
successfully developed and validated.
4. Measurements on human arteries
In vitro measurements were made on human carotid arteries obtained from donors presenting in some places 
atheroma plaques. Firstly the atheroma plaque was located through palpation. Then two measurements were taken in
different positions: Position 1 corresponds to a non atherosclerotic place and Position 2 corresponds to the plaque
(observable by US as a third echo) (Fig. 5). In both cases, always under physiological simulated conditions, the
mechanical properties of the sample were obtained. After the sample was studied the presence of the arterial plaque
was confirmed by dissection.
Fig.5  Schematic representation of measurement performed on human carotid artery. Position 1 corresponds to a non atherosclerotic where as 
Position 2 corresponds to an atherosclerotic place.
In Fig. 6 the results for a human carotid artery are shown. Pressure waveform was similar to the diameter
waveform for healthy and atherosclerotic place, as it is expected. The pressure-diameter loops morphology were in 
accordance to the literature [2].
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Fig.6  a) Pressure (mmHg) vs. time (s) and b) internal diameter (mm) vs. time (s) profiles obtained from position 1 of a human carotid, showing 
that the morphology of the signal is the same as expected. c) Pressure (mmHg) vs. internal diameter (mm) for position 1 of a human carotid and 
d) Pressure (mmHg) vs. internal diameter (mm) for position 1 of a human carotid. The red arrows indicate the sense of the loop.
4.1. Structural parameters
From the ultrasonic recordings some widely used complementary parameters were calculated in order to
characterize the potential effects of atherotic plaques on the arterial structure. To this end the anterior and posterior
wall thickness and the mean internal and external diameters were calculated as the average of the temporal signal
obtained for each variable.  The anterior and posterior wall-to-lumen ratio were calculated as the quotient: wall
thickness/internal diameter and expressed as percentage.
4.2. Functional and clinical parameters
To evaluate the arterial viscoelastic behaviour different parameters were calculated, which gave complementary
information. The functional and clinical parameters allow a comparison between the non-atherosclerotic and
atherosclerotic arterial region as well as between our data and reported results. 
4.2.1. Pressure-diameter elastic (Epd) and viscous index
The viscous and elastic properties were evaluated using a Kelvin-Voigt model (spring-dashpot). According to it,
the pressure (P) developed in the wall (Ptotal) can be divided into elastic (Pelastic) and viscous components (Pviscous) [5],
[6]:
viscouselastictotal PPP   (1)
As the viscous component is proportional to the first derivative of the diameter D respect to time (dD/dt), the
equation can be written as: 
dtdDPP totalelastic /.K  (2)
Where Ș is the viscous index of the arterial wall. To obtain the pure elastic component, the viscous term was
subtracted from the Ptotal. To do this, the area of the P-D hysteretic loop was reduced until the minimum value that
still preserved the clockwise direction of the loop was reached. The Ș value needed to accomplish this condition is
considered as the viscous index. Once the elastic component of Ptotal was isolated, the Epd was calculated as the
slope of a linear regression fit to the diastolic phase of the pressure-diameter relationship. The Epd is determined by
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the arterial geometrical properties and the intrinsic stiffness of the arterial wall. Since it is calculated from the
diastolic phase, which corresponds to the purely elastic pressure-diameter relationship, the Epd is a strongly
indicator of the arterial elastic properties (without considering the viscous behaviour).
4.2.2. Pressure-strain or Peterson elastic modulus (EP)
The EP is an index commonly used in the clinical practice, since can be obtained just using systolic (or maximal)
and diastolic (or minimal) pressure and diameter values, frequently obtained non-invasively in the clinical field. The
EP is calculated as in [5], [6]:
DD
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Where SP and DP are the systolic and diastolic pressures, respectively, and SD and DD are the systolic and 
diastolic arterial external diameters, respectively.
4.2.3. Pulse wave velocity (PWV)
The PWV was calculated for the anterior and the posterior wall using the Moens-Korteweg's equation [2], [6]:
U
 
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Where h is the mean wall thickness, DD is the diastolic or minimal diameter, and U is the arterial wall density
(assumed equal to 1.06 g•cm-3).
Table 1. Structural parameters for healthy and atherosclerotic artery.
“Healthy” arterial
segment
“Atherosclerotic”
Arterial segment
ǻ% compared to “Healthy” arterial 
segment
Structural parameters
Anterior wall: mean wall thickness [mm] 1.03 ± 0.12 1.47 ± 0.07 43.00
Posterior wall: mean wall thickness [mm] 1.09 ± 0.03 1.14 ± 0.05 4.26
Mean internal diameter [mm] 5.60 ± 0.09 9.36 ± 0.14 67.15
Mean external diameter [mm] 7.72 ± 0.06 12.31 ± 0.13 59.43
Anterior wall: wall-to-lumen ratio [%] 18.42 ± 2.37 15.74 ± 0.87 -34.15
Posterior wall: wall-to-lumen ratio [%] 19.45 ± 0.76 12.13 ± 0.56 -19.09
Functional & clinical parameters
Epd [mmHg/mm] 569 300 -47.28
Pressure-strain elastic modulus [mmHg] 3365 2152 -36.05
PWV [m/s] [anterior wall] 14.96 7.72 -48.40
PWV [m/s] [posterior wall] 11.83 6.78 -42.69
Wall viscosity [mmHg.s/mm] 9.98 2.31 -76.85
Data is expressed as mean or mean ± standard deviation. Epd: pressure-diameter elastic index. PWV: pulse wave velocity.
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4.3. Results 
These are summarized in Table 1 All the obtained parameters are in good agreement with literature [2], [3]. For 
position 2 in the anterior wall, where the plaque was observed, the wall thickness is enlarged compared with the 
healthy wall by 43% and its lumen to wall ratio is decreased by 34%.  
Also the sick tissue presented different mechanical properties than the healthy: less elastic modulus, less PWV 
and less wall viscosity. This behavior is described in [4]. These findings indicate that atherosclerotic plaques have a 
lower capability to store energy during systole and dissipate energy, and so, a reduced buffering function capability. 
This could be related with a higher probability of rupture. 
5. Conclusions 
An experimental setup capable of mimicking physiological hemodynamic states was successfully developed and 
validated. Pressure wave morphology was similar to the diameter profile for the latex tube and for healthy and 
atherosclerotic arteries, as it was expected. 
Ultrasonic measurements were capable to detect atheroma plaques in a highly advanced state (calcified). As a 
future work this could result in studying the mechanical properties of the atheroma plaque itself.  
Pressure – diameter loops were obtained for a healthy and an atherosclerotic human carotid artery. In both cases, 
hysteresis was observed and the mechanical parameter estimation was in good agreement with the literature. The 
structural and functional analysis shows that both arteries (healthy and atherosclerotic) could have differences in its 
biomechanical behavior. 
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